The soil lipid fraction can play an important role in the sorption of organic compounds. In this study, the impact of the lipid fraction of freshwater-and wastewater-irrigated soils on the sorption of non-and relatively polar compounds was assessed. Lipid analyses revealed a clear difference between the two lipid fractions. The lipid extract from the wastewater-irrigated soil was consistent with mainly straight paraffinic chain materials; the lipid extract from freshwater-irrigated soil, on the other hand, exhibited stronger signals of aromatics, double bonds, ester, ether, and methyl, in addition to a smaller contribution from methylene protons. Our data suggest that lipid removal induced a stronger increase in the soil's sorption affinity for solutes capable of polar interactions such as atrazine (2-chloro-4-ethylamino-6-isopropylamino-1,3,5-triazine) and chlorotoluron (N9-(3-chloro-4-methylphenyl)-N,N-dimethylurea) as compared to phenanthrene. Moreover, the level of increase in sorption affinities due to lipid removal was much higher for the freshwater-irrigated soil than for its wastewater-irrigated counterpart, even though the level of lipids in the freshwater-irrigated soil was half that in the wastewater-irrigated one (6 vs. 11% of the total organic C). The higher level of polar functionalities, such as ether and ester moieties, in the lipid fraction from the freshwater-irrigated soil suggests that these extractable compounds compete successfully with the polar solutes (atrazine and chlorotoluron) for specific binding sites in the soil organic matter (SOM). It appears that the composition of the lipid fraction may be a key consideration in unraveling the sorption of organic molecules in soils.
S
OIL ORGANIC MATTER consists mainly of plant residues, materials derived from them via decomposition processes, microbial tissues, and humic substances (Zech et al., 1997) . In agricultural soils, lipids make up between 0.2 and 5% of the total SOM (Stevenson, 1994) . The soil lipid fraction is defined as the water-insoluble organic matter that can be solubilized and extracted from soils using nonpolar organic solvents such as hexane, benzene, chloroform, ether, and others. The lipid fraction of SOM is derived from degradation products of plant materials (mainly from aerial and subaerial cuticular matter) and microorganisms (Bull et al., 2000; Naafsa et al., 2004) and includes fatty acids, sterols, terpenes, long-chain hydrocarbons, chlorophyll, fats, waxes, and resins (Stevenson, 1994; Jandi et al., 2002) . The molecular fingerprint or "profile" in the lipid extract (e.g., C-chain length, dominant C, and the distribution of odd and even C chains) is used to reveal the origin of lipids in the soil. Strong odd-to-even C ratios of n-alkanes are usually assigned to plant-derived epicuticular waxes, whereas n-alkanes from bacterial and fungal activities typically exhibit similar levels of odd and even C chain (Stevenson, 1994; Nguyen et al., 2003) . Therefore, a higher even/odd ratio of C 4 -C 26 fatty acids suggests microbial origin, whereas fatty acids exhibiting a dominant fraction of C 26 -C 38 originate from vascular plants (Schnitzer et al., 1986) .
Due to the strong hydrophobic nature of the soil lipids, these materials have been shown to affect the sorption-desorption behavior of hydrophobic organic compounds (HOCs) in soils and sediments. Free extractable lipids can compete with HOCs for hydrophobic sorption sites within the SOM and affect their sorption affinity (Tremblay et al., 2005) . On the other hand, Grathwohl (1990) suggested that due to the high hydrophobicity of this fraction, it could also behave as a partitioning domain in soil and sorb HOCs. In addition, Kohl and Rice (1999) and Kohl et al. (2000) suggested that soil lipids are responsible for the linear sorption of polycyclic aromatic hydrocarbons by SOM.
Long-term irrigation with reclaimed wastewater can affect the physical and chemical properties of the soil, as well as the amount and properties of SOM (Guichet et al., 1991; Gonzalez-Vila et al., 1995; Tarchitzky et al., 1999; Friedel et al., 2000) . The chemical alteration of the SOM due to long-term irrigation with reclaimed wastewater is influenced mainly by the nature of the applied dissolved organic matter. Guichet et al. (1991) reported that irrigation with wastewater enriched with low-molecular-weight dissolved organic matter significantly increases the amount of SOM. In addition, a relative enrichment of lipids, polysaccharides, and plant residues was observed in the wastewater-irrigated plots. In another report, changes in the chemical properties of fulvic acid were obtained after irrigation with wastewater (Boyd and Sommers, 1990) . Gonzalez-Vila et al. (1995) reported that irrigation with olive-mill effluents increases and alters the composition of the soil lipid fraction. Oleic acid (the major component of olive oil) and its oxidation derivates dominated the free and bound lipid fractions in the soil, after 3 yr of oil-mill effluent application. In a previous study (Drori et al., 2005) , we reported higher sorption potential and lower desorption ability of atrazine with freshwater-vs.
wastewater-irrigated soils. It was suggested that the SOM which was developed in the wastewater-irrigated soils delays or hinders atrazine interactions with sites that are naturally present in these soils. Our hypothesis is that long-term irrigation with reclaimed wastewater influences the level, characteristics, and properties of the soil lipid fraction, which can affect the sorption capabilities of these soils. Therefore, the objectives of this study were to characterize the lipid fraction in wastewater-and freshwater-irrigated soils and to study the role of this SOM fraction in the sorption behavior of HOCs.
MATERIALS AND METHODS

Soils
Topsoils (Rhodoxeralf) were sampled from a citrus orchard in Basra, Israel. The soils were sampled from two nearby plots, one which was irrigated with treated wastewater and the other with freshwater. In each plot, samples were collected from four locations (20 cm away from the dripper). The 0-to 3-cm organic layer was removed and samples were collected from 3-to 30-cm depths. The four subsamples were combined to form a 10 kg composite sample. The soils were air-dried and sieved through a 2-mm sieve. Table 1 summarizes the properties and characteristics of the studied soils. The chemical composition of the irrigation water is reported elsewhere (Drori et al., 2005) .
Lipid Extraction and Characterization
Free lipids were extracted from soils (300 g) by Soxhlet extraction with benzene:methanol (3:1, v/v) for 16 h. Then, the soils were dried at room temperature and oven-dried at 658C. The untreated soils and the lipid-extracted soils were used in sorption experiments. The lipid extracts were filtered (glass filter; GF/A, Whatman, Maidstone, England) and dried under a N 2 stream. The lipids were further cleaned up by placing 20 mg of the dried extracts on the top of a microcolumn containing alumina and silica (1:4, v/v). Then, the column was flushed with 10 mL hexane and then by a similar volume of toluene. The hexane and toluene elutions were further concentrated under a N 2 stream.
Gas chromatograph/mass spectrometer (GC/MS) analysis was performed using a GC (HP-5890 series II; Agilent, Palo Alto, CA) operated in splitless mode and equipped with a 30-m long capillary column (SIL 24 CB) with an internal diameter of 0.25 mm. The oven-temperature gradient was 48C min 21 from 50 to 3008C with an initial temperature constant for 5 min and a maximal temperature constant for 20 min. The GC was coupled to a HP-G-1800B quadropole MS (Agilent, Palo Alto, CA) running in electron impact mode with an electron energy of 70 eV. (Wu et al., 1995) . Scans (1024) were collected using a 2.5 ms, 333 mT/m sine-shaped gradient pulse, a diffusion time of 200 ms, 16 000 time-domain points and a sample temperature of 258C; spectra were apodized by multiplication with an exponential decay corresponding to 0.3 Hz line-broadening in the transformed spectrum, and a zero filling factor of 2.
Batch Sorption Experiments
Aqueous solutions of all solutes: atrazine, chlorotoluron, and phenanthrene, were prepared by adding aliquots from a concentrated HPLC-grade methanol stock solution to a background solution containing 10 mM CaCl 2 and 100 mg L 21 NaN 3 to maintain a constant ionic strength and to inhibit microbial activity during the experiment, respectively. Methanol concentration was maintained at ,0.1% (v/v) to avoid co-solvent effects. Atrazine (98% purity, Agan Co., Ashdod, Israel) solutions (25 mL), covering a range of 1 to 20 mg L 21 , were added to samples previously weighed into 50-mL Teflon centrifuge tubes (Nalgene, Rochester, NY) with Teflon caps containing 15 g of soil. Chlorotoluron (98% purity, Agan Co.) solutions (15 mL) covering a range of 0.25 to 25 mg L 21 were added to Teflon centrifuge tubes containing 9 g of soil sample. Phenanthrene (.96%, Sigma, St. Louis, MO) solutions (20 mL) in a concentration range of 0.1 to 500 mg L 21 were added to 200 mg soil samples previously weighed into 30-mL glass centrifuge tubes (Kimble, Vineland, NJ) with Teflon caps.
In all cases, the sorbent weight was set to maintain 30 to 70% sorption. Sorption of the analytes to the tubes was found to be negligible (,0.5%). Preliminary tests indicated an apparent sorption equilibrium period of 2 d for the atrazine and 7 d for the chlorotoluron and phenanthrene. The tubes (three replicates and a blank for each concentration) were agitated end-over-end in the dark at 150 rpm, 258C, for the time period needed to reach equilibrium. Next, the tubes were centrifuged and 10 mL of the supernatant were removed using a glass pipette and replaced with fresh background solution (sorbatefree). The tubes were then further agitated under the same conditions to perform the desorption step. Supernatants collected from the phenanthrene experiments were diluted 1:1 with methanol to avoid sorption to the HPLC vials. Quantitative HPLC analysis was performed using an L-7100 LaChrom HPLC (Merck-Hitachi, Darmstadt, Germany) with a LiChrospher RP-18 column (25 cm by 4.6 mm, 5 mm) and an isocratic mobile phase of water/acetonitrile (30/70 for atrazine, 40/60 for chlorotoluron, and 15/85 for phenanthrene). Atrazine and chlorotoluron were detected using a photodiode array detector at absorbances of 222 and 248 nm, respectively. Phenanthrene was detected by a fluorescence detector (excitation at Gee and Bauder (2002) . ‡ 6Standard deviation of three replicates. § Nelson and Sommers (1996) . ¶ Loepert and Suarez (1996) . # Sumner and Miller (1996) .
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244 nm and emission at 360 nm). All sorbates were quantified using external standards.
Data Analysis
The Freundlich parameters (K F and N) were calculated from the logarithmic form of the equation:
where q is the total sorbed concentration (mg kg
is the Freundlich distribution coefficient, and N is the isotherm nonlinearity factor. Single-point organic C-normalized distribution coefficients (K OC ) and distribution coefficient (K d ) were calculated at reduced concentrations (C r ) of C e /S w 5 0.0002, 0.002, 0.02, and 0.2, where S w is the aqueous solubility of the sorbate.
RESULTS AND DISCUSSION Lipid Analyses
The level of free-extractable lipids in the freshwaterirrigated soil was 6.3% of the total organic C, which is in the range reported for this fraction in soils (Stevenson, 1994; Wiesenberg et al., 2004) . However, the amount of lipids extracted from the wastewater-irrigated soil was significantly higher (11% of the total organic C). The high content of the lipids in the wastewater-irrigated soil is believed to derive from the intensive and long-term (more than 25 yr) irrigation with wastewater. To evaluate the role and effect of the soil lipid composition on the sorption capabilities of the studied soils, the lipid extracts were analyzed by 1 H NMR and GC/MS. The 1 H NMR spectra of the lipid extracts from both soils (Fig. 1 , left side) indicated that both extracts are generally similar. The peaks in both spectra were assigned to aromatic, conjugated, and nonconjugated double bonds, protons adjacent to oxygenated structures, b and g units to the carbonyl in an acid or ester, and methylene and methyl protons. Both spectra were dominated by both saturated and unsaturated aliphatic chains that are likely to be present in the form of acids, esters, and alcohols. These spectra are consistent with 13 C NMR spectra of soil lipids, mainly dominated by polymethylene C and lower levels of O-alkyl, aromatic, carbonyl, and carboxyl C functionalities (Almendros et al., 2001; Lodygin and Beznosikov, 2005) .
While the type of functionalities and structural linkers in both lipid extracts were generally similar, a more detailed investigation showed some subtle differences between the two extracts, especially in the aliphatic region. The aliphatic components in the lipid extract from the freshwater-irrigated soil are less resolved and tend, in general, to have a broader line shape than these compounds in the lipid extract from the wastewaterirrigated soil. Further, the ratio of main-chain methylene (CH 2 ) to other functionalities and linkers (e.g., methyl groups) is smaller in the freshwater-irrigated soil's extract. The CH 2 /CH 3 peak area ratio was 5 and 7.1 in the freshwater-and wastewater-irrigated soil extracts, respectively. This suggests that the aliphatic species in the lipid extract originating from the freshwater-irrigated soil contained more branched constituents and a lower H NMR spectra of the lipid extracts from wastewater-and freshwater-irrigated soils. The peaks in both spectra were assigned to benzene (1), water (2), methanol (3), tetramethylsilane (4; internal standard), aromatic and conjugated double-bond signals (5), nonconjugated double bonds (6), protons adjacent to oxygenated structures, sugars and esters, hydroxyls, ethers (7), units b to the carbonyl in an acid or ester or b to the double bond in an unsaturated chain (8), units g to an oxygen-containing linkage or double bond and methines in branched aliphatic chains (9), main-chain methylene in aliphatic chains (10), methyl protons (11), protons adjacent to oxygen in esters (12) and to ether or hydroxyls (13) .
proportion of simple straight paraffinic chain species (as indicated by the lower ratio of CH 2 in the freshwaterirrigated soil's extract). Conversely, in the wastewaterirrigated soil's extract, there is a higher proportion of straight-chain (CH 2 ) groups consistent with a high proportion of straight-chain aliphatic components in this sample.
To further investigate the properties of the two samples, we performed diffusion-edited 1 H NMR experiments (Fig. 1, right side) . This experiment "spatially encodes" molecules at the start of the experiment and then "refocuses or decodes" them at the end of the experiment. If, during the experiment, species exhibit translational motion, they are not refocused and are essentially gated from the final spectrum. Therefore, the spectrum produced in this type of experiment contains only signals from species that undergo little or no selfdiffusion, and hence are structures in large macromolecular and/or rigid domains . The diffusion-edited 1 H NMR spectra of the two lipid extracts were quite different. The lipid extract from the wastewater-irrigated soil was dominated by signals from CH 2 and CH 3 , consistent with mainly straight paraffinic chain materials. In contrast, the diffusion-edited spectrum for the lipid extract from freshwater-irrigated soil exhibited strong signals from aromatics, double bonds, ester, ether, and methyl, in addition to a smaller contribution from methylene protons. Further, the broad line shape is consistent with the presence of macromolecular species in the sample. The origin of the observed species is difficult to determine although the high abundance of esters in the lipids from the freshwater-irrigated soil may indicate contributions from cuticular-derived material, whereas the aromatic species may be from suberin or lignin (Kolattukudy, 1981; Deshmukh et al., 2003) . The hydrophobic nature of these compounds may lead them to preferentially concentrate in the soil lipid fraction.
The GC/MS total ion current chromatograms of the hexane fraction of the soil lipid extracts exhibited peaks assigned to alkanes and alkenes with C-chain lengths of C 11 to C 25 (Fig. 2) . These chromatograms were similar to other reported soil-lipid-extract chromatograms (Schnitzer et al., 1986; van Bergen et al., 1997; Jandi et al., 2002; Nguyen et al., 2003) . In all those chromatograms, the main peaks were suggested to originate from both plant and microbial products. The chromatogram of the lipids from the freshwater-irrigated soil exhibited a significantly higher abundance of alkenes and branched aliphatic chains. Moreover, this chromatogram overlaid a dominant unresolved-complex mixture (UCM). The UCMs are comprised of complex mixtures of isomers and homologs of branched and cyclic hydrocarbons which cannot be easily separated in a GC column (Bouloubassi and Saliot, 1993) . Typically, these hydrocarbons are more resistant to biodegradation and therefore tend to accumulate in soils. The UCM in the chromatogram of the lipid extract from the freshwater-irrigated soil was centered around C 22 but exhibited an additional, smaller center around C 18 . This bimodal UCM suggests the presence of both light and heavy lipid-derived fractions. The UCM present in the lipid extract from the wastewaterirrigated soil chromatogram exhibited a maximum around the elution region of C 22 .
The freshwater-irrigated soil lipid-extract GC/MS chromatogram (Fig. 2a) exhibited a series of odd-numbered n-alkane peaks (n-C 17 to n-C 25 ). This pattern (.C 17 odddominated alkanes) is traditionally assigned to epicuticular waxes of vascular plants (Schnitzer et al., 1986; Naafsa et al., 2004) . In contrast, the chromatogram of the wastewater-irrigated soil (Fig. 2b) exhibited a significantly higher abundance of short-chain alkanes and alkenes (,C 18 ). These short-chain alkanes and alkenes could have originated from the irrigation water (i.e., wastewater) and/or from the intensive microbial activity in wastewater-irrigated soils (Pascual et al., 1997) . The latter hypothesis is supported by the high abundance of short-chain alkanes that are ascribed to microbialderived lipids (Parlanti et al., 1994; Marseillea et al., 1999) and by the similar pattern of peaks in the lipid extract from sewage sludge (Reveille et al., 2003) . In addition, the anthropogenic molecular marker bibenzyl (Ricking et al., 2003) was observed in the GC/MS chromatogram of the toluene fraction of the lipid extract from the wastewater-irrigated soil. This compound was not observed in the same fraction extracted from freshwater-irrigated soil. In general, the GC/MS chromatograms of the toluene fraction were poorly resolved, exhibiting peaks assigned to butylated hydroxytoluene, benzoic acid, and bibenzyl. All these data support the hypothesis that the shorter-chain alkanes and alkenes observed in our study probably resulted from the irrigation water (wastewater) and the associated microbial activity. In this soil (wastewater-irrigated soil), these peaks overlay the peaks originating from the vegetation.
Batch Sorption Experiments
The sorption isotherms of atrazine, chlorotoluron, and phenanthrene obtained with the freshwater-and wastewater-irrigated soils before and after lipid extraction are presented in Fig. 3 . For both studied soils, lipid removal resulted in an increase in the sorption affinities
] of all three solutes, except for phenanthrene in the wastewater-irrigated soil (Table 2) .
For all solutes, this increase was noted to a lesser extent in the wastewater-irrigated soil. Since the K F value depends on the N value, it is not possible to compare the K F values for isotherms with different N values. Thus, the distribution coefficient (K d ) values were calculated for several C r . With the freshwater-irrigated soil, after extraction, the K D values of atrazine increased from 0.98 to 1.54 L kg 21 (57% of increase) at a C r of 0.002. This increase was noted to a lesser extent with increasing atrazine equilibrium concentration (at 0.2 C r , It is important to note that although the extraction (lipid removal) resulted in a significantly stronger increase in sorption affinity of the freshwater-irrigated soil compared to the wastewater-irrigated soil, the level of organic C removed by extraction was higher in the wastewater-irrigated soil (11%) than in the freshwaterirrigated soil (6%). Previous studies (Kohl and Rice, 1999; Tremblay et al., 2005) have suggested that lipid removal does not modify the surface or pore properties of geosorbents and soils. Therefore, it was concluded that the changes in the observed sorption capabilities can be assigned to changes caused mostly by the lipid removal.
In addition to the increase in sorption affinity (K F , K d ), lipid removal from both soils resulted in a decrease in the linearity of the isotherms of atrazine and chlorotoluron. A decrease in sorption linearity combined with an increase in sorption affinity to the sorbent (whole soil) suggest that binding sites and/or partitioning domains having high affinity for these solutes (atrazine and chlorotoluron) were probably occupied by lipids. These lipids were probably competing with atrazine and chlorotoluron for sorption domains. Since the SOM is the major sorption domain for the tested solutes, the effects of lipid removal on sorption affinity are also reported using K OC values (Table 2) . A significant increase in K OC values of atrazine and chlorotoluron after lipid removal was observed at low solute concentration (C r 5 0.002). Atrazine K OC values increased from 128 to 251 L kg 21 OC and chlorotoluron K OC values increased from 250 to 562 L kg 21 OC at this concentration. With increasing solute concentration, the level of increase in sorption affinity, weakened, similar to the trend observed for the affinities of these solutes to the whole soil (K d values). The effect of lipid removal was significantly higher with the freshwaterirrigated soil than with the wastewater-irrigated soil. For example, the atrazine K OC values (at C r of 0.002) increased by 70 vs. 45% for the two soils, respectively. With chlorotoluron, the K OC values increased by 120% due to lipid removal in the freshwater-irrigated soil and by only 40% in the wastewater-irrigated soil. A similar trend but much milder was observed for phenanthrene: an increase of 25% in K OC value as a result of lipid removal was observed for the freshwater-irrigated soil, whereas an increase of 12 to 25% was observed for the wastewaterirrigated soil counterpart at C r of 0.0002 to 0.2.
The increase in the sorption affinity of phenanthrene as a result of lipid removal was not accompanied by a decrease in sorption linearity. This trend was in contrast to the data presented by Tremblay et al. (2005) . In that study, Tremblay et al. reported a sharp (one order of magnitude) increase in the sorption affinity of phenanthrene and a sharp decrease in sorption linearity after lipid removal from geosorbents (sediment and humin). In our study, the increase in phenanthrene sorption affinity due to lipid removal was much lower than that reported by Tremblay et al. (2005) or Kohl and Rice (1999) . For similar solute concentrations (C r of 0.0002), in our study the calculated K OC values for phenanthrene increased by up to 25% as a result of lipid removal. The moderate effect of lipid removal on our soils was similar to the trend reported for humic acid (Tremblay et al., 2005) . Therefore it is concluded that in our bulk soils (similar to the humic acid) the partitioning domains for phenanthrene are available and are not limiting parameter for phenanthrene binding. Moreover, we assume that in our soils the lipid fraction competes for sorption sites better with organic compounds capable of polar interactions than with highly hydrophobic HOCs such as phenanthrene which have unlimited partitioning sites. 9507 † Calculated at C e /S w 5 0.002 where C e and S w are the equilibrium concentration and aqueous solubility, respectively. ‡ OC 5 organic C. § Calculated at C e /S w 5 0.02. ¶ Calculated at C e /S w 5 0.2. # Calculated at C e /S w 5 0.0002.
CONCLUSIONS
Our data suggest that lipid removal induced a higher increase in sorption affinity for the solutes capable of polar interaction (i.e., atrazine and chlorotoluron) than for phenanthrene, which is capable of only nonspecific interactions. In addition, the level of increase in sorption affinities due to lipid removal was much higher for the freshwater-irrigated soil than the wastewater-irrigated soil, even though the lipid level in the freshwaterirrigated soil was half that in the wastewater-irrigated soil. These two trends (higher level of increasing affinity for the more polar solutes and for the freshwaterirrigated soil, due to lipid removal) suggests that the nature of the lipids in these two soils differs and that this affects their role and contribution to the sorption of HOCs.
The 1 H NMR data suggest that the lipid extract from the wastewater-irrigated soil is composed mainly of straight paraffinic chains. In contrast, the lipid extract from freshwater-irrigated soil is composed of aromatics, double bonds, ester, ether, and methyl, in addition to a smaller contribution from methylene protons. Further, the latter sample contained a rigid macromolecular-like material that showed little translational diffusion and contained significant contributions from esters, ethers/ hydroxyl, and aromatic units alongside the dominant aliphatic signal. Our GC/MS data support these findings, showing a higher abundance of branched, longer paraffinic chains and bimodal UCMs in the freshwaterirrigated soil's extract than in the extract from the wastewater-irrigated soil. The greater contribution from polar functionalities such as ether and ester moieties in the lipid fraction from the freshwater-irrigated soil suggests that these extractable compounds successfully compete with the polar solutes (atrazine and chlorotoluron) for binding sites in the SOM. The sites which have been newly exposed by the lipid removal are suggested to be of a relatively polar nature.
